Fluorescently labeled tubulin has recently been proved to be useful for the investigation of tubulin dynamics in the mitotic apparatus in living cells (7, 18, 20, 25) . Evidence has been presented that labeled tubulin which had been injected into living cells was quickly incorporated into the mitotic apparatus and that photobleaching of the mitotic apparatus was quickly followed by uniform redistribution of fluorescence there. These results suggest that tubulin exchange in microtubules is faster than that expected from in vitro experiments (3) and that the exchange occurs not only at the ends of microtubules but also along their entire length.
Taxol, an alkaloid isolated from the western yew, Taxus brevifolia, is known to stabilize microtubules and to enhance assembly of microtubules in vivo as well as in vitro (for a review, see reference 4). It is also utilized to isolate microtubular structures (23, 24) and the mitotic apparatus (12) .
In this study, we investigated tubulin dynamics in the mitotic apparatus of sand dollar eggs by microinjection of fluorescently labeled tubulin and taxol to observe fluorescence redistribution after a local area in the mitotic apparatus was photobleached. 
MATERIALS AND•¬METHODS

RESULTS
Fluorescently labeled tubulin prepared by method (a) or (b) (see MATERIALS AND METHODS) was mainly used in the following section 1, and labeled tubulin prepared by method (a) was used in section 2. All three types of labeled tubulin were incorporated quickly into the mitotic apparatus, whose fluorescence was redistributed shortly after photobleaching.
Fluorescence redistribution after photobleaching. When fluorescently labeled tubulin was injected into fertilized eggs at prophase, it was quickly incorporated into the asters near the nucleus and then into the mitotic apparatus formed after the disappearance of the nuclear envelope, as described earlier (7). When the asters or the spindle with labeled tubulin was photobleached by the laser beam at adequate regions at any stage from prophase through telophase, the fluorescence was quickly and uniformly redistributed. Two typical examples of fluorescence redistribution in the mitotic spindle are shown in Fig. 1. In Figs. la-e, the long side of the rectangular bleached area was perpendicular to the spindle axis, and in Figs. 1f-j it was parallel during mitosis were gradually increased, and astral rays also increased both in number and length (Fig. 3) . The astral rays did not appear to elongate uniformly but appeared eventually to become rearranged into uniform lengths. Cytoplasmic granules were excluded from these asters and the diameter of centrospheres increased. Therefore the shape of the asters, including the half spindle, changed to the form of two concentric circles (Fig. 3g, and cf. Fig. 5 ). Chromosome movement stopped within 60 sec after injection, though later formation of chromosomal vesicles or of the nuclear envelope took place cyclically during division cycles. A cleavage furrow sometimes appeared without completion of cleavage. When 15 pl of DMSO (the solvent for the taxol) was injected alone as a control, neither increase in the birefringence of the mitotic apparatus nor perturbation of mitosis was observed except for infrequent retardation of cleavage. When first fluorescently labeled tubulin and then taxol were injected into fertilized eggs, the labeled tubulin was greatly accumulated into the mitotic apparatus as well as into the region near the injection site. A pronounced feature was that the labeled tubulin was excluded from the enlarged centrospheres (Fig. 4a) . The accumulation of tubulin near the injection site might not be due to DMSO but to a high concentration of taxol there. Taxol may precipitate near the injection site before it uniformly diffuses in the egg cytoplasm because taxol does not dissolve aqueous solution at the concentration of 1 mM. The spindle region was photobleached a few min after taxol injection (Fig. 4b ) and then the fluorescence redistribution was examined. Even after 5 min or more, the photobleached area was clearly observable. Therefore, in the presence of taxol, tubulin exchange in the mitotic apparatus was much slower than in its absence. The position of the photobleached area did not change in the spindle, but in some cases the area appeared to move slightly toward the equator (Fig. 4) .
Shortly after the egg was injected with taxol and then fluorescently labeled tubulin, the labeled tubulin has accumulated in the peripheral circular region of the enlarged centrospheres (Fig. 5a) , and then fluorescence of the asters became intense and rather uniform (Fig. 5c) , which suggests that microtubule assembly first occurred at the peripheral region of the centrospheres shortly after injection. In the cells injected with fluorescently labeled tubulin alone, the fluorescence was at first quickly incorporated into the astral centers (see also reference 7).
DISCUSSION
When the mitotic apparatus which had incorporated labeled tubulin was photo- bleached by a laser microbeam, fluorescence redistribution occurred within 30 sec. The rate of fluorescence redistribution was consistent with that of incorporation of fluorescently labeled tubulin into the mitotic apparatus after injection (7). The fluorescence recovery was not due to recovery of fluorescence activity of the fluorochrome, fluorescein, but was due to redistribution of fluorescently labeled tubulin in place of the labeled but bleached tubulin. Because the photobleached area did not move as far as the pole along the spindle axis during redistribution and because the redistribution occurred within the same period irrespective of the direction of the longer sides of the bleached rectangle (perpendicular or parallel to the axis), the redistribution may not be due to treadmilling of tubulin subunits in microtubules but to the exchange of tubulin subunits along the microtubules. Alternatively, the rapid redistribution of fluorescence might be explained by rapid asynchronous assembly and disassembly of spindle microtubules, as a phenomenon similar to that described by Mitchison and Kirschner (13, 14) , if almost all of the preexistent microtubules were disassembled and an equal amount of microtubules were assembled within 30 sec. However, this would not be likely because of the large pool size of tubulin in the sea urchin egg (16). a remarkable effect of taxol on the mitotic apparatus was that the lengths of microtubules in the asters including the half spindle became equalized. The experiments involving injection of taxol and tubulin suggest that microtubule-organizing granular materials (see reference 5) dispersed from the center of the asters to the periphery of the enlarged centrospheres and that microtubules disappeared from the centrospheres. Enlarged monopolar aster and centrosphere were also observed during fertilization by means of taxol injection (our unpublished data) and incubation in a taxolcontaining medium (21) . The effects of taxol on the mitotic structures quite resemble those of hexyleneglycol on the mitotic apparatus with respect to changes in distribution of microtubule-organizing granules and in morphology of microtubular cytoskeletons for asters and spindle (5, 17) .
